All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Leukocyte Adhesion Deficiency type I (LAD-I) is a rare autosomal recessive disorder with an estimated prevalence of one in 100,000 births. It is caused by mutations in the CD18 (*ITGB2*) gene, which is the common chain of β2 integrin molecules, involved in the formation of all β2 integrins (CD11a/CD18, CD11b/CD18, CD11c/CD18 and CD11d/CD18) \[[@ppat.1004698.ref001],[@ppat.1004698.ref002]\]. Defects in CD18 expression lead to either very low or no expression of associated β2 integrins. As a result patients have defective neutrophil adhesion and transmigration into tissues. Affected individuals suffer from recurrent infections and invariably develop early-onset generalized aggressive periodontitis featuring severe bone loss and premature loss of primary and permanent teeth \[[@ppat.1004698.ref001],[@ppat.1004698.ref003]\].

LAD-I is suspected based on delayed umbilical stump separation and recurrent infections. The diagnosis is made by measuring the level of expression of CD18 on peripheral neutrophils and confirmed by identifying a CD18 mutation \[[@ppat.1004698.ref004]\]. The clinical presentation of LAD-I can be severe (sLAD) or moderate (mLAD) and relates to the remaining level of CD18 expression and/or function on neutrophils. Features of severe deficiency (very low CD18 expression/function) include delayed umbilical stump separation, umbilical stump infection, persistent leukocytosis in the absence of active infection (\>15,000/μL), and severe recurrent infections. Infections of the skin, upper and lower airways, bowel, and perirectal area and septicemia usually due to *Staphylococcus aureus* or gram-negative rods, most notably *Pseudomonas* species, are common \[[@ppat.1004698.ref005]\]. Severe destructive periodontitis is also a hallmark of LAD disease \[[@ppat.1004698.ref005]\]. Patients with severe LAD-I often develop complete bone loss around teeth early in life, and may lose their entire dentition during adolescence, only a few years after the transition to permanent dentition \[[@ppat.1004698.ref006]\]. Patients with moderate deficiency are usually diagnosed later in life, have normal umbilical stump separation, and have fewer life-threatening infections. These patients also have leukocytosis, delayed wound healing and moderate periodontal disease when compared to the severe LAD-I patients \[[@ppat.1004698.ref003]\]. Strikingly, the severity of periodontitis in LAD patients has been shown to inversely correlate with CD18 expression on peripheral neutrophils \[[@ppat.1004698.ref006]\].

Until recently LAD-I periodontitis was considered an aggressive infection, resulting from defective neutrophil surveillance of local tissues \[[@ppat.1004698.ref007]\]. However, our recent investigations of the molecular mechanisms showed absence of tissue invasive infection. Instead, we documented dysregulated IL-23/IL-17 inflammatory responses driving periodontal destruction in LAD periodontitis \[[@ppat.1004698.ref006]\]. Triggers for the initiation of the inflammatory response are considered the local bacteria and their byproducts, represented in periodontitis by the tooth adherent microbial biofilm, yet this has not conclusively been shown. In LAD-I these microbial-stimulated responses become unrestrained due to the lack of regulatory mechanisms that require the presence of neutrophils in the tissues \[[@ppat.1004698.ref006]\].

To date, the composition of the bacterial communities associated with LAD-I periodontitis has not been comprehensively characterized. The context of LAD-I provides a unique opportunity to evaluate the consequences of CD18 deficiency and lack of neutrophil transmigration in a human disease, specifically periodontitis. How bacterial colonization in the oral cavity and particularly at the site of periodontitis may be altered in the absence of neutrophil surveillance is an important question.

To this end, we sought to characterize the composition of the subgingival microbiome in a cohort of LAD-I patients and evaluate the potential of LAD-I microbial communities to stimulate pro-inflammatory IL-17-related responses.

Results {#sec002}
=======

Patients with LAD-I exhibit severe periodontitis {#sec003}
------------------------------------------------

One of the hallmarks of LAD-I is severe periodontitis at a young age, which often leads to loss of the entire dentition despite treatment \[[@ppat.1004698.ref002],[@ppat.1004698.ref006]\]. We evaluated five patients with LAD-I, (diagnosed by medical history, CD18 mutation and low CD18 expression of peripheral neutrophils) for the presence of periodontal disease. All five patients were diagnosed with generalized moderate to severe periodontitis, based on measurements of bone loss (Probing depth = PD and Clinical attachment loss = CAL) \[[@ppat.1004698.ref008]\]. Severity of periodontitis correlated with the level of neutrophil dysfunction \[[@ppat.1004698.ref006]\] and severity of general clinical manifestations ([S1 Table](#ppat.1004698.s003){ref-type="supplementary-material"}). Of our patients, one had exceptionally severe periodontitis (sLAD) and required full mouth extractions shortly after initial protocol enrollment at the age of 13. All other patients were diagnosed with moderate-severe periodontitis based on official classification criteria but had mild/moderate levels of disease (mLAD) compared to our severe case (sLAD). Patients with mLAD had some variation in levels of bone and tooth loss, probably reflecting progression of disease with age. LAD patients were exposed to antibiotics either sporadically or continuously depending on the severity of their clinical picture ([S1 Table](#ppat.1004698.s003){ref-type="supplementary-material"}). Our healthy control subjects were systemically healthy young adults without detectable periodontitis, gingivitis or any significant oral findings (clinical characteristics described in [Table 1](#ppat.1004698.t001){ref-type="table"}).

10.1371/journal.ppat.1004698.t001

###### Patient cohort characterization.

![](ppat.1004698.t001){#ppat.1004698.t001g}

  Patient ID   Age   Gender   Full Mouth CAL[\*](#t001fn001){ref-type="table-fn"}   PD[^**\#**^](#t001fn002){ref-type="table-fn"} mm (site)   Missing Teeth   CD18 Mutation
  ------------ ----- -------- ----------------------------------------------------- --------------------------------------------------------- --------------- ------------------------------------------------------------------------------
  H1           21    F        1.9 ± 0.08                                            \< 3 mm                                                   0               N/A
  H2           23    F        2.2 ± 0.17                                            \< 3 mm                                                   0               N/A
  H3           23    F        1.8 ± 0.02                                            \< 3 mm                                                   0               N/A
  H4           24    M        2 ± 0.09                                              \< 3 mm                                                   0               N/A
  H5           29    F        1.6 ± 0.02                                            \< 3 mm                                                   0               N/A
  H6           23    M        2.4 ± 0.12                                            \< 3 mm                                                   0               N/A
  H7           22    F        2.7 ± 0.15                                            \< 3mm                                                    0               N/A
  H8           22    F        2.3 ± 0.21                                            \< 3mm                                                    0               N/A
  H9           29    F        1.6 ± 0.02                                            \< 3 mm                                                   0               N/A
  H10          23    M        2.4 ± 0.12                                            \< 3 mm                                                   0               N/A
  H11          26    M        2.8 ± 0.22                                            \< 3 mm                                                   0               N/A
  H12          28    M        1.7 ± 0.17                                            \< 3 mm                                                   0               N/A
  mLAD1        14    M        3.6 ± 0.31                                            3--4mm                                                    0               850G(R)A; G284S and C2070 del T; fs transmembrane domain
  mLAD2        12    F        3 ± 0.12                                              3--4mm                                                    0               Null allele (specific mutation unknown);C2070 del T; fs transmembrane domain
  mLAD3        26    M        4.5 ± 0.23                                            5--6mm                                                    8               
  mLAD4        38    M        4.8 ± 0.34                                            5--6mm                                                    20              1052 A→G; N351S and 741--14C→ A; 247+ PSSQ
  sLAD         13    M        7.2 ± 0.72                                            \>7mm                                                     4               Homozygous del exon 12,13

\*CAL = Clinical Attachment Loss (clinical measurement of periodontitis)

^\#^ PD = Probing Depth (clinical measurement of periodontitis)

LAD-I subgingival microbiome is distinct {#sec004}
----------------------------------------

Subgingival microbial communities in LAD-I are closely associated with an aggressive disease process, therefore we were interested in characterizing the nature of the subgingival microbiome in LAD. We first investigated the total microbial biomass in LAD-I and health. For this purpose, we quantified bacterial load in subgingival samples using a 16S rRNA gene based real time PCR assay and found that LAD-I patients had significantly higher bacterial burden than did healthy individuals, as earlier seen in patients and mice mimicking the LAD phenotype \[[@ppat.1004698.ref006]\] ([Fig. 1A](#ppat.1004698.g001){ref-type="fig"}).

![Microbial load and diversity of LAD-1 subgingival communities.\
(A) Total bacterial load (quantified with real-time PCR for 16S rRNA) shown in health (green), mild/moderate LAD (mLAD, blue) and severe LAD (sLAD, red). Bacterial load values are expressed as log (10) of 16S rRNA gene copy number and each circle represents a site. Mean values are indicated with a line. \* indicates p\<0.05. (B) Principal component analysis based on detection levels for bacterial taxa in the HOMIM microarray. Principal component 1 (PC1, x-axis, 18.4%) vs. principal component 2 (PC2, y-axis, 17.5%) account for 35.9% of the total data variability. Microbial communities from health (green circles) cluster away from LAD-I communities (mLAD, blue circles and sLAD, red circles). Ellipse is drawn around 50% of the data within the group. (C) Total number of HOT detected per group in health (green), mild/moderate LAD (blue) and severe LAD (red). Each circle represents a site. Mean values are indicated with a line. Multiple sites from the same patient were first averaged to obtain one value per patient prior to calculating mean values both for (A) and (C).](ppat.1004698.g001){#ppat.1004698.g001}

Next, we characterized the microbial composition of LAD-I associated communities. We performed analysis of the subgingival microbiome using a comprehensive 16S rRNA gene-based microarray (Human Oral Microbe Identification Microarray, HOMIM) which allows for the simultaneous detection of about 300 of the most prevalent oral bacterial species, including many known periodontal pathogens and other not-yet-cultivated species, but also select non-oral species. Principal component analysis (PCA) of level of detection for the total microarray data was performed. Visual inspection of Principal Component 1 (PC1) vs Principal Component 2 (PC2) shows that the LAD-I samples cluster away from those of health. Samples from our sLAD-I patient along with a few of the mLAD samples were furthest away from health ([Fig. 1B](#ppat.1004698.g001){ref-type="fig"}). This first visual representation of the microbial data might suggest that LAD-periodontitis harbors a unique microbiome which is distinct from health, particularly in its severe forms.

To assess if this clear distinction can be attributed to a differential number of detected species between groups, we examined the total number of species present within the microbial communities. Although the sLAD and mLAD samples had higher total bacterial loads ([Fig. 1A](#ppat.1004698.g001){ref-type="fig"}), there were no significant differences in the total numbers of Human Oral Taxon/Taxa (HOT used interchangeably with the term species throughout the manuscript) detected between the groups ([Fig. 1C](#ppat.1004698.g001){ref-type="fig"}). In fact, LAD communities had fewer species detected on average, unlike the microbial communities typically detected in chronic and aggressive periodontitis which have been reported to present with an increased complexity \[[@ppat.1004698.ref009]\]. Notable also was the great variability between health-associated communities, reflecting variability of microbial colonization in health.

Characterization of the LAD-I subgingival microbiome {#sec005}
----------------------------------------------------

To further analyze the microbial composition in LAD-I periodontitis and health, we performed unsupervised two-way hierarchical clustering of the detection level data for each of the species on the microarray. This unbiased approach yielded a clear separation between the health and LAD-I microbiomes, visible on the x-axis on the hierarchical diagram ([Fig. 2](#ppat.1004698.g002){ref-type="fig"}). The y-axis on the hierarchical diagram shows the species detected, which grouped in five distinct clusters. Clusters 1 and 2 included species shared at varying levels of detection between health and LAD-I and could be considered to be part of a "shared microbiome". Species detected at higher levels or prevalence in the LAD-I group and particularly in sLAD were found within Cluster 3 and Cluster 5. Finally, the most striking observation was the absence of multiple HOT in LAD-I, particularly noticeable in Cluster 4 bacterial taxa. A complete list of all HOT and their mean detection levels per group is presented in [S3 Table](#ppat.1004698.s005){ref-type="supplementary-material"}.

![Detection levels of subgingival microbes in health and LAD.\
Two way hierarchical cluster analysis with Ward's distance measure applied to the normalized fluorescence intensity signal from the microarray data, on a 0 to 5 scale where 0 is not present (blue) and 5 is present in high levels (red) (scale 0--5 on the bottom left of Figure). The diagram represents 125 species (HOT) in 27 samples. The patients samples grouped in two distinct clusters: Health (H1 to H12) and LAD (both moderate and severe). Separation is shown by a yellow super-imposed line. Bacterial species grouped in 5 distinct clusters (1--5, black, brown, blue, green and purple).](ppat.1004698.g002){#ppat.1004698.g002}

We first wanted to document the bacterial species present in health and LAD-I, without taking into consideration their level of detection. For this purpose, we created a Venn diagram displaying the unique species detected per group, as well as the species shared between groups ([Fig. 3](#ppat.1004698.g003){ref-type="fig"}). Species shared between groups represented a "shared microbiome". Twenty-seven species were shared between health, severe and moderate LAD, 31 species shared between health and mLAD and 7 species shared between health and sLAD. Highly shared species (represented also in Clusters 1 and 2 of the hierarchical diagram) included *Kingella oralis* HOT-706, *Campylobacter concius* HOT-575_m, *Streptococcus oralis* HOT-707_m, *Neisseria elongata* HOT-598 and *Haemophilus parainfluenzae* HOT-718. Species present in only one group included 6 unique HOT for mLAD, 10 for sLAD, 4 in both moderate and severe LAD and 40 HOT detected only in health, reflecting depletion of a high number of health-associated species in the LAD microbiome. Species present in health and absent in LAD included a number of health associated bacteria of the *Streptococcus* and *Actinomyces* genus, but also species such as *Porphyromonas catoniae* HOT-283 and *Rothia dentocariosa*, previously associated with health \[[@ppat.1004698.ref009]\]. Interestingly, a few species typically enriched in periodontitis were present (albeit at low levels) in health such as *Eubacterium* \[[@ppat.1004698.ref011]\]\[G-6\] *nodatum* and *Tannerella forsythia*.

![Unique bacterial taxa detected in health, severe and moderate LAD.\
Venn Diagram showing unique taxa detected in Health (n = 40, green), mLAD (n = 10, blue), sLAD (n = 6, red) and all LAD patients (n = 4, purple). Taxa (species) shared between mLAD and Health (n = 31), sLAD and Health (n = 7) or detected in all groups (n = 27) are termed a "shared microbiome" and not listed in the figure.](ppat.1004698.g003){#ppat.1004698.g003}

LAD-I associated communities had an enrichment in periodontitis-associated bacteria such as *Treponema* spp. found both in mLAD and sLAD, members of the TM7 phylum in mLAD and *Porphyromonas endodontalis* in sLAD. A very interesting finding in the LAD-I subgingival microbiome was the detection of *Pseudomonas aeruginosa*, a bacterium not typically found in subgingival plaque but of potential clinical relevance in LAD where *P*. *aeruginosa* infections are often encountered \[[@ppat.1004698.ref005]\]. Also notable was the detection of *Leptotrichia spp*., typically seen in health, but associated with severe infections in patients with immunodeficiency \[[@ppat.1004698.ref010]\]. Another uniquely identified species in LAD included *Scardovia wiggsiae*, a bacterium recently associated with severe childhood caries \[[@ppat.1004698.ref011]\] but not related to caries in our cohort where none of the patients had a single carious lesion.

To further analyze differences in microbial communities of health and moderate and severe LAD, we evaluated differences in the microbiota by level of detection. Enrichment or overgrowth of particular commensals (which are often detected at low levels in health, is the hallmark of periodontal dysbiosis in the general population \[[@ppat.1004698.ref012]\]. In the case of sLAD, species detected higher than two fold were largely associated with periodontitis ([Fig. 4A](#ppat.1004698.g004){ref-type="fig"}) \[[@ppat.1004698.ref009]\]. Species with a high level of detection in sLAD included *Parvimonas micra* HOT-111, *Porphyromonas endodontalis* HOT-273_m, *Treponema maltophilum* HOT-664, *Treponema* sp. HOT-257, *Eubacterium* \[[@ppat.1004698.ref011]\]\[G-3\] *brachy* HOT-557 and *Bacteroidales* \[G-2\] sp. HOT-274. It is worth reporting that the classic "red perio-pathogenic complex" of bacteria \[[@ppat.1004698.ref013]\], typically associated with the microbiome of periodontitis, were not detected in higher levels in LAD compared to health. Species with low detection in sLAD were health-associated commensals such as *Actinomyces naeslundii* HOT-176, *Rothia dentocariosa* HOT-587_m, *Granulicatella adiacens* HOT-534_m \[[@ppat.1004698.ref009],[@ppat.1004698.ref014]\]. In moderate LAD the predominant feature was the reduced presence or depletion of health associated species, including the ones depleted in sLAD as well as additional health or core oral microbiome species \[[@ppat.1004698.ref015],[@ppat.1004698.ref009]\] ([Fig. 4B](#ppat.1004698.g004){ref-type="fig"}).

![Bacterial taxa differentially represented in LAD and health.\
(A) Species with a 2 fold change or greater in severe LAD (sLAD) versus health samples. Left panel shows mean detection levels of 27 bacterial taxa that were differentially represented in severe LAD compared to health. Right panel shows detection frequency across samples of those 27 species. Percent present for each group is the number of sites that were positive for the specific species. (B) Species with a 2 fold or greater difference between mild/moderate LAD (mLAD) and health microbial communities. Left panel shows mean detection levels for 10 species that were differentially found compared to health. Right panel shows percent presence across samples for the same 10 species.](ppat.1004698.g004){#ppat.1004698.g004}

LAD-associated subgingival communities are distant from those of Aggressive Periodontitis {#sec006}
-----------------------------------------------------------------------------------------

Our data and analysis revealed that the LAD subgingival communities are distinct from those of health, yet a meaningful comparison would be to compare the subgingival communities in LAD with those encountered in patients with aggressive periodontitis in the absence of a known immune defect such as the cohort of Localized Aggressive Periodontitis patients (LAP). To this end we obtained data from investigators that had evaluated patients who develop LAP, using the exact same HOMIM microarray approach and the same standardized microarray processing at Forsyth \[[@ppat.1004698.ref016]\].

We evaluated the presence of highly detected bacterial species in LAP in our cohort of LAD patients ([S1 Methods](#ppat.1004698.s001){ref-type="supplementary-material"}, [S1 Fig](#ppat.1004698.s002){ref-type="supplementary-material"}). This comparison reveals that species highly detected in aggressive periodontitis such as *Aggregatibacter actinomycemcomitans* \[[@ppat.1004698.ref017]\] are not detected in LAD patients. Additionally, multiple species known to be associated with both chronic and aggressive periodontitis such as *Tannerella forsythia*, *Filifactor alocis*, *Eubacterium nodatun*, *Eubacterium brachy* and *Porphyromonas gingivalis* were either undetectable in LAD or detected with lower prevalence \[[@ppat.1004698.ref013],[@ppat.1004698.ref009]\].

Conversely, unique species detected in LAD including *Oribacterium sp*. HOT-078, *Pseudomonas aeruginosa* HOT-536_m, *Pseudomonas otitidis and aeruginosa*, and *Treponema sp*. HOT-257 were undetected in LAP \[[@ppat.1004698.ref016]\].

Immunostimulatory potential of LAD-associated microbial communities {#sec007}
-------------------------------------------------------------------

Having established that LAD-I periodontitis-associated microbial communities have a unique composition we wanted to gain further insight into the potential of microbial products from these communities to stimulate inflammatory responses. Periodontitis is considered a microbially-stimulated inflammatory condition. Both in chronic periodontitis and LAD-periodontitis, tooth-associated bacteria are thought to stimulate an exaggerated inflammatory response that leads to tissue destruction \[[@ppat.1004698.ref006]\]. Consistent with this concept, in LAD-I we observed a significant colonization of bacteria on the tooth surface but not within the disease tissues ([Fig. 5A](#ppat.1004698.g005){ref-type="fig"}), which are dominated by intense inflammation \[[@ppat.1004698.ref006]\]. To investigate the participation of bacterial products stimulating the inflammatory response within the tissues of LAD periodontitis, we evaluated the presence of bacterial lipopolysaccharides (LPS) within the tissues. We found wide-spread staining for LPS within the tissue lesions of LAD-I and at a significant depth below the epithelium, but not in health. Importantly, LPS staining was present in close association with infiltrating immune cells ([Fig. 5B](#ppat.1004698.g005){ref-type="fig"}), suggesting that bacterial cell wall components (LPS) translocating into the tissues may play a role in stimulating and exacerbating local inflammatory responses.

![Immunostimulatory potential of LAD- associated dental plaque.\
(A) Gram staining (Brown and Brenn method) of extracted tooth and adjacent soft tissues: (i) Gram positive (violet) and negative (pink) staining on the root surface (ii) and surrounding tissues (iii)(scale bars shown). Representative of 3 LAD patients with tooth extractions. (B) Immunohistochemistry for bacterial lipopolysaccharide (LPS) on extracted LAD tooth (i) and surrounding tissues (ii, iii) as well as in healthy gingiva (iv, v). Positive staining is brown and indicated by arrows (scale bars shown). Representative of 3 LAD patients. (C) Exposure of human macrophages to LAD microbial plaque. Human macrophages (at a concentration of 3x10^6^/ml) were left untreated (medium control) or treated with standardized amounts of inactivated subgingival plaque (equivalent of 1x10^6^ 16S rRNA gene copy number) from healthy, mLAD and LAD donors (n = 3, each) for 4 hours and processed for RNA to evaluate cytokine gene transcription. Results are shown as fold induction of mRNA expression relative to the untreated control, p\<0.05 between health and LAD. (D) *In vivo* inoculation of murine oral mucosa with inactivated subgingival plaque from healthy volunteer (HV) and sLAD donors or purified LPS (2 μg/μl). Mice received oral injections with HV or sLAD plaque or LPS and oral tissues were harvested at 4h for evaluation IL23a at the mRNA level (n = 3). Results are shown as fold increase over untreated control, \* = p\<0.05, significant increase over treatment with HV plaque.](ppat.1004698.g005){#ppat.1004698.g005}

To evaluate the potential of microbial products from LAD-associated microbial communities to stimulate inflammatory responses, we exposed human primary macrophages to inactivated bacterial plaque from severe and moderate LAD-I donors as well as healthy volunteers. Macrophages are innate immune cells equipped to sense bacterial components and mount inflammatory responses \[[@ppat.1004698.ref018],[@ppat.1004698.ref019]\]. Importantly, macrophages were the most abundant population of antigen presenting cells (APC) present in the inflammatory lesions of LAD-I \[[@ppat.1004698.ref006]\]. Macrophage inflammatory cytokine responses were evaluated by measuring mRNA expression of select pro-inflammatory cytokines 4h post microbial exposure. Cytokines were selected based on their potential contribution to periodontal disease pathogenesis, including their ability to aid in the differentiation of Th1 or Th17 responses. The dominant cytokines induced in response to subgingival plaque (of health or LAD) were the two chains of the IL-23 molecule (p40 and p19). Strikingly, sLAD subgingival plaque appeared to have a significant advantage towards the induction of IL-23, a molecule previously shown to be key in the pathogenesis of LAD-I periodontitis \[[@ppat.1004698.ref006]\] ([Fig. 5C](#ppat.1004698.g005){ref-type="fig"}). Exposure to sLAD plaque significantly upregulated the expression of IL-23p19 *in vitro* in human macrophages compared to responses induced by healthy subgingival plaque, even when experiments were performed with a standardized microbial load for all samples. IL-23 was also induced in response to sLAD plaque in macrophages obtained from LAD patients.

To further our studies we evaluated the potential of LAD subgingival plaque to induce IL-23 mediated responses *in vivo*. For these experiments we injected standardized volumes of inactivated plaque from healthy or sLAD donors into mouse oral mucosa and harvested tissues at 4h to evaluate initial cytokine responses at the transcriptional level. Consistent with our *in vitro* observations, inoculation with sLAD subgingival plaque significantly upregulated IL-23 *in vivo*, as did purified high concentrations of LPS ([Fig. 5D](#ppat.1004698.g005){ref-type="fig"}). Induction of LPS-triggered IL-23 responses was also relevant to our studies given the translocation of LPS into the lesional tissues.

Collectively our data show that the LAD-I associated subgingival microbial communities are distinct and bear a clear potential towards stimulating IL-23 mediated inflammatory responses.

Discussion {#sec008}
==========

One of the hallmarks of LAD-I is the presentation of severe periodontitis at a young age that often becomes unresponsive to treatment and leads to loss of the entire dentition \[[@ppat.1004698.ref005],[@ppat.1004698.ref001]\]. The inflammatory component of LAD-I periodontitis was recently characterized in detail and is governed by IL-23/17 inflammatory signals driving tissue destruction \[[@ppat.1004698.ref006]\]. Microbial signals from the tooth adherent subgingival plaque are considered to be the triggers for this dysregulated immune response. In fact, our clinical observations suggest that inflammation persists in LAD patients in the presence of a tooth adherent biofilm, but complete resolution and mucosal healing occurs following tooth extraction and removal of the local nidus of microbes.

Our current study characterized the subgingival microbiome in LAD and evaluated its potential to trigger local inflammatory responses. To date, this is the first comprehensive evaluation of the subgingival microbial communities in LAD-periodontitis. Previous studies of LAD cases had used culture based approaches and reported the presence of *Capnocytophaga*, *Eikenella corrodens* and *Candida albicans* in periodontal pockets of LAD patients \[[@ppat.1004698.ref020]\].

Our first observation was the high biomass in the LAD subgingival biofilms. Whether this overgrowth of bacteria is related to the deficient neutrophil surveillance in LAD or is a result of the exacerbated inflammatory milieu \[[@ppat.1004698.ref021]\] cannot be explored with our current data. However, inhibition of inflammation in mice mimicking the LAD phenotype resulted in diminished periodontal bacterial load, comparable to that of mice without neutrophil defects. This observation suggests that the inflammatory environment contributes more to the increase in bacterial load than the absence of neutrophil surveillance. Consistent with this, a previous study evaluating microbial load in chronic periodontitis had documented a significantly increased microbial load (comparable to that seen in our mLAD patients) only in sites with active bleeding and inflammation \[[@ppat.1004698.ref009]\]. Under conditions of inflammation additional nutrients become available \[[@ppat.1004698.ref022]\], but also the ecological environment drastically changes, thereby selective for bacteria that thrive under relevant conditions (recently defined as "*inflammophylic"* \[[@ppat.1004698.ref021]\]) to survive and grow.

Subgingival communities in LAD-I also differ significantly from those in health in terms of microbial composition. One unifying characteristic of the LAD microbiome (both mLAD and sLAD) is the depletion of species typically associated with health. Whether this depletion represents a unique feature of LAD and its inflammatory environment or is associated with chronic use of antibiotics in these patients, or both cannot be determined. Species such as *Actinomyces naeslundii* HOT-176, *Rothia dentocariosa* HOT-587 and *Granulicatella adiacens* HOT-534, typically detected in healthy subjects by a number of studies using various approaches \[[@ppat.1004698.ref009],[@ppat.1004698.ref014]\], were undetectable in the LAD-I microbial communities. Whether these bacteria are simply compatible with an ecological environment of health and/or participate in the maintenance of health in the oral cavity has not been explored. Health associated communities in the gastrointestinal tract have been shown to promote health and homeostasis while protecting from infection in a variety of ways \[[@ppat.1004698.ref023]\]. Intestinal commensals directly inhibit growth of pathogenic bacteria \[[@ppat.1004698.ref024]\], activate innate immune mechanisms to suppress competing microbes \[[@ppat.1004698.ref025]\], tolerate commensals \[[@ppat.1004698.ref026]\] and stimulate responses that strengthen the epithelial barrier (e.g., IL-22)\[[@ppat.1004698.ref023]\]. It is conceivable that oral health-associated commensals may have similar properties and therefore alterations in their presence may underlie aberrant immune responses. In fact alterations in the composition of commensals (dysbiosis) is the hallmark of periodontitis in the general population \[[@ppat.1004698.ref012],[@ppat.1004698.ref027]\].

Nevertheless, the microbial communities observed in LAD are not identical to those described in classic chronic or aggressive periodontitis. Our direct comparison of the LAD subgingival microbiome with that of patients with localized aggressive periodontitis demonstrated that species associated with aggressive periodontitis were absent or detected with low prevalence in the LAD cohort. *Aggregatibacter actinomycetemcomitans* (*Aa*), the organism most associated with aggressive periodontitis \[[@ppat.1004698.ref017],[@ppat.1004698.ref028]\] was absent in LAD, but also multiple species associated with both chronic and aggressive periodontitis were either undetectable in LAD or detected with low prevalence \[[@ppat.1004698.ref013],[@ppat.1004698.ref009]\]. Not consistent with a classic periodontitis-related community was the decreased number of species detected in the LAD subgingival microbiome. Although total microbial diversity cannot be assessed using a microarray approach, our comprehensive evaluation of known oral species and select non-oral microbes pointed to a decreased complexity of the LAD subgingival communities. Typically, increased microbial diversity has been documented in the majority of studies of periodontitis \[[@ppat.1004698.ref013],[@ppat.1004698.ref014],[@ppat.1004698.ref009]\], but recently a study of metatranscriptomics in periodontitis has reported decreased richness and diversity in diseased sites \[[@ppat.1004698.ref029]\].

How chronic antibiotic use in many of our patients may have affected the LAD microbiome is not clear. In is important to point out that despite sporadic or consistent use of antibiotics in our patients, the biomass of the LAD microbiome remained very high, suggesting a level of resistance to antibiotics in this complex biofilm \[[@ppat.1004698.ref030]\]. It is also important to note that the LAD subingival microbiome, despite exposure to antibiotics, represents a continuous trigger for local immunopathology. It is of course conceivable that any microbial stimulus even from a non-classical periodontitis-related community detected in LAD may be pathogenic in the setting of immune dysregulation. When immune regulation is impaired, commensals may be capable of causing disease that could not be present in another setting \[[@ppat.1004698.ref023],[@ppat.1004698.ref031]\]. A notable example is that of mice defective in IL-10 and TGFβR2 signaling develop spontaneous colitis in response to commensals \[[@ppat.1004698.ref032]\].

A unique species detected in LAD was *Pseudomonas aeruginosa*, a bacterium not typically harbored in subgingival plaque, that is associated with severe infections in immunocompromised hosts including LAD patients \[[@ppat.1004698.ref003]\]. Consistent with our findings, previous reports also recovered *Pseudomonas aeruginosa* from subgingival plaque \[[@ppat.1004698.ref033]\] and oral ulcers of LAD patients \[[@ppat.1004698.ref034]\]. *P*. *aeruginosa* has unique capabilities in forming biofilms and gaining antibiotic resistance \[[@ppat.1004698.ref035],[@ppat.1004698.ref036]\]. It can use a broad spectrum of nutrients and survive in harsh environments and is most typically encountered as a hospital acquired infection. *Pseudomonas aeruginosa* skin infections have also been reported in LAD patients \[[@ppat.1004698.ref037]\]. How colonization with *P*. *aeruginosa* in the oral cavity may relate to systemic infections is unclear. Interestingly *Pseudomonas aeruginosa* infection has been linked to IL-23 dependent inflammation in a mouse model of lung infection \[[@ppat.1004698.ref038]\], but also patients with Cystic Fibrosis \[[@ppat.1004698.ref039]\].

Another potential pathogen for LAD patients detected in our cohort was *Leptotrichia buccalis* as well as multiple other *Leptotrichia spp*. While these are considered commensals, *L*. *buccalis* has been linked to bacteremia and severe illness in neutropenic and immunocompromised patients \[[@ppat.1004698.ref010]\] \[[@ppat.1004698.ref040]\].

How LAD-associated microbial communities can be linked to the local inflammatory responses is difficult to determine. However, our observation of LPS translocation within the inflammatory lesions in LAD-I, suggests that bacterial products participate in the local immunopathology. Bacterial LPS within tissues has been previously associated with local and systemic immune activation, particularly in the setting of immunodeficiency such as chronic HIV infection \[[@ppat.1004698.ref041],[@ppat.1004698.ref042],[@ppat.1004698.ref043]\].

To further explore the potential of LAD-associated microbial communities stimulating inflammation, we studied their potential in triggering cytokine responses *in vitro and in vivo*. For this purpose we performed stimulations *in vitro* in human primary macrophages, the dominant APC population in LAD-I and in a murine setting *in vivo* with microbial components from LAD plaque. We found that innate responses to human subgingival plaque and particularly LAD-associated plaque are dominated by an IL-23 cytokine signature. These data complement our previous immunological findings in the tissues of LAD-associated periodontitis where IL-23/IL-17 are the dominant cytokines observed. Our data suggest that microbial stimuli from the dental plaque can trigger an IL-23/IL-17 response which appears to be exaggerated in LAD patients due to the absence of neutrophils in the tissues regulating the IL-17 axis \[[@ppat.1004698.ref043],[@ppat.1004698.ref006]\]. Taken together with our previous report \[[@ppat.1004698.ref006]\], the current findings support the hypothesis that the IL-23/IL-17 axis is a critical target in LAD-periodontitis.

Materials and Methods {#sec009}
=====================

Diagnostics and clinical data {#sec010}
-----------------------------

Patients were diagnosed with LAD-I based on defined biallelic CD18 mutations and flow cytometric analysis of CD18 expression on peripheral neutrophils, as previously described \[[@ppat.1004698.ref004]\]. Patients were designated as severe LAD (sLAD) or moderate LAD (mLAD) on the basis of percentage of CD18 expression and clinical manifestations. Healthy subjects had no significant medical history, tested negative for HIV (Human Immunodeficiency Virus), HBV (Hepatitis B Virus), HCV (Hepatitis C Virus) and had HbA1c\<6% (Hemoglobin 1c).

Ethics statement {#sec011}
----------------

Clinical data and demographics for all patients were obtained from NIH records. All research and procedures involving human subjects (including use of patient medical data and collection of patient oral samples and blood) were reviewed and approved by the Institutional Review Boards of the National Institute of Allergy and Infectious Diseases and the National Institute of Dental and Craniofacial Research. All patients or guardians provided written informed consent for participation. All adult participants provided their own consent. Data and samples were anonymized (de-identified) for relevant analysis.

Oral/periodontal examination and microbial sampling of subgingival plaque {#sec012}
-------------------------------------------------------------------------

Periodontal evaluation included measurements of loss of tooth-supporting structures (connective tissue and bone, measured as Clinical Attachment Loss = CAL and Probing depth = PD) in millimeters. Measurements were performed using a periodontal probe calibrated in mm, at six sites per tooth in all teeth on each patient and expressed as mean measurements per patient \[[@ppat.1004698.ref044]\]. Clinical parameters in sites sampled for subgingival microbiome were recorded separately. Tooth adherent bacterial plaque was sampled from areas below the gum line (subgingival) with a standardized approach to avoid sampling variability \[[@ppat.1004698.ref009]\]. Briefly, samples were collected from all subjects by a single clinician (NM) to avoid intra-examiner variability. Sampling was performed from the same index teeth in all patients at the identical intraproximal areas, using a mini five gracey curette and a single stroke technique. Dental plaque samples from each site were placed in TE buffer, homogenized by vortexing, and divided in two parts. One part used for DNA isolation and the other part for *in vitro* functional assays.

DNA isolation, bacterial quantification and HOMIM {#sec013}
-------------------------------------------------

Bacterial DNA was extracted from human tooth-associated subgingival biofilm (dental plaque) samples using the MasterPure DNA Extraction Kit (Epicentre Biotechnologies, Madison, WI).

Real-time PCR assays were performed to determine total bacterial load using 16S rRNA universal primers, as previously described \[[@ppat.1004698.ref009]\]. Briefly, standard curves were prepared using 10-fold dilutions of genomic DNA of *Streptococcus gordonii* ATCC 35105 ranging from 10^2^ to 10^8^ 16S rRNA molecules. PCR reactions were performed in a final volume of 20 μl per reaction, containing 10 μl of TaqMan Gene Expression Master Mix (Applied Biosystems/Life Technologies, Grand Island, NY), 900 nM of each primer pair, 250 nM of the fluorogenic probe, 1 μl DNA template and PCR water. Amplification was carried out in a 7500 Real-Time PCR system (Applied Biosystems/Life Technologies) and the thermocycler conditions were 50°C for 2 min, 95°C 10 min and 40 cycles of 95°C for 15 s and 60°C for 1 min. Bacterial load from multiple sites of the each patient were first averaged to obtain one value per patient. Average patient values were used for group comparisons (health vs mLAD and health vs sLAD).

For Microarray analysis, total genomic DNA was submitted to The Forsyth Institute for HOMIM (Human Oral Microbe Identification Microarray) \[[@ppat.1004698.ref014]\]. Briefly, 16S rRNA genes were PCR-amplified from DNA extracts with 16S rRNA gene universal forward and reverse primers and labeled via incorporation of Cy3-dCTP in a second nested PCR. HOMIM uses 16S rRNA-based, reverse-capture oligonucleotide probes (typically 18 to 20 bases), for approximately 300 taxa. Detection of a particular taxon is determined by the presence of a fluorescent spot for that unique probe. A mean intensity for each taxon was calculated from hybridization spots of the same probe and signals were normalized using universal probes and calculated as described previously \[[@ppat.1004698.ref014]\]. Any original signal that was less than two times the background value was re-set to 0. Signals greater than 1 were categorized into scores from 1 to 5 corresponding to ranked signal levels \[[@ppat.1004698.ref014]\].

HOMIM statistical analysis {#sec014}
--------------------------

**Data annotation**. The data matrix consisted of 379 probes and 27 samples; from healthy (n = 13 sites from twelve patients) and LAD-I (n = 14 sites from five patients) donors. LAD-I samples were divided into a severe, sLAD (n = 3 sites from one patient) and a mild/moderate, mLAD group (n = 11 sites from four patients). The data were filtered to remove any probes that had an intensity value of 0 across all samples. Probe annotations containing multiple Human Oral Taxon (HOT) ID's were designated with a "\_m" appended to the HOT ID name. The complete list for these "\_m" HOT ID is presented in [S2 Table](#ppat.1004698.s004){ref-type="supplementary-material"}. The intensity values for multiple probes having the same HOT ID were averaged. The final data matrix used for analysis consisted of 158 unique HOT ID's. Throughout the manuscript, the terms HOT and species will be used interchangeably for simplicity.

**Principal component analysis**. Principal component analysis was performed on the intensity value calls of 158 unique HOT and 27 subgingival samples. Principal component 1 (PC1) was plotted versus principal component 2 (PC2). The first two PC's represent 35% of the total variability in the data matrix. Ellipses are drawn around at least 50 percent of the samples from each of the 3 sample groups.

**Data filtering and transformation**. The data were submitted to hierarchical clustering using Ward method (JMP statistical discovery software, Cary, NC). Included HOT had to be designated present in at least two samples within any of the three groups. A HOT is deemed present if its intensity value is 1 or greater. This filter removed 33 HOT from the data matrix, generating a matrix of 125 HOT for further analysis. A Venn diagram was created for those 125 HOT passing this filter in order to study the relationship between patient groups for HOT that were present. In order to determine total number of HOT detected per site, intensity values were changed to a binary variable (1 or 0, with 0 representing no detection and 1 assigned to detected HOT) and the sum was calculated across all 125 binary HOT. The detection frequency is defined by calculating the mean of the binary data per group then multiplying by 100.

To select HOT of interest with a twofold or greater difference in level of detection between two groups, the logarithm base 10 transform was applied to the group means and the difference between the mean of the log values was calculated. Because this data is so sparse, a value of 1 was added to all group means before the logarithm was taken in order to alleviate the problem of taking the log of 0. Comparisons were performed on the averaged individual patient data.

Statistical testing {#sec015}
-------------------

A one-way analysis of variance (ANOVA) comparing three groups (health, mLAD and sLAD) was conducted on individual patient data from bacterial loads and total HOT detected from the microarray. Subsequently 3 post-hoc t-tests comparing any two groups were applied for individual comparisons. Separate sampling data points taken from the same patient were averaged and that average was used to represent an individual patient. Total loads data was found to be significant at p\<.05 while the total HOT detected on the microarray data was not significant (p = 0.11).

Histology and immunohistochemistry {#sec016}
----------------------------------

Biopsy specimens (tooth and surrounding soft tissues) were formalin-fixed, decalcified and then embedded in paraffin. Sections of 5-μm were obtained and stained with a modified Brown and Brenn (B&B) protocol \[[@ppat.1004698.ref045]\] to evaluate the presence of Gram-positive/negative bacteria in tissues. Immunohistochemical staining for LPS was performed as previously described \[[@ppat.1004698.ref046]\]. Briefly, tissue slides were deparaffinized and hydrated with graded alcohols. Antigen retrieval was carried out by heating sections in 1X DIVA Declocker reagent (Biocare Medical, Concord, CA) and then cooled down to room temperature. Slides were incubated in 3% H~2~O~2~ for 25 min, to block the endogenous peroxidase, washed and then incubated with Background Sniper blocking reagent (Biocare Medical, Concord, CA) followed by another blocking step with bovine serum albumin. Incubation with primary antibody to LPS-core (Hycult biotech, Plymouth Meeting, PA) was performed for 1 hour at room temperature, washed with PBS, immunolabeled with the ImmPRESS detection system (Vector, Burlingame, CA) and developed with ImmPACT DAB peroxidase substrate (Vector, Burlingame, CA). Finally, tissue slides were counterstained with Mayer's hematoxylin, dehydrated and mounted with Permount (Fisher Scientific, Pittsburg, PA). All sections were scanned using the Aperio ScanScope system (Leica Biosystems, Buffalo Grove, IL).

Macrophage cell culture and stimulation with dental plaque {#sec017}
----------------------------------------------------------

Human peripheral blood mononuclear cells (PBMC) obtained from healthy volunteers at the Department of Transfusion Medicine (National Institutes of Health, Bethesda, MD) were diluted in endotoxin-free PBS without Ca^2+^ and Mg^2+^ (Life Technologies, Grand Island, NY) and density-sedimented on lymphocyte separation medium (LSM; ICN Pharmaceuticals, Aurora, OH). Monocytes were purified from the mononuclear cell layer using centrifugal elutriation and plated for the generation of macrophages as previously described \[[@ppat.1004698.ref047],[@ppat.1004698.ref018]\].

Macrophages (at a concentration of 3x10^6^/ml) were left untreated (medium control) or treated with *Escherichia coli* LPS (1, 10 and 100ng/ml Sigma, St. Louis, MO) or subgingival plaque from healthy and LAD donors. For these assays total subgingival plaque was removed from a given site, placed in 100ul of TE buffer, homogenized by vortexing and heat/freeze inactivated. Macrophage cultures were exposed to a standardized amount of total bacterial DNA (1x10^6^16S rRNA gene copy number) of plaque for 4 h after which macrophage cultures were processed for RNA to evaluate cytokine gene transcription.

In vivo inoculation with subgingival plaque {#sec018}
-------------------------------------------

C57BL/6J mice were anesthetized with ketamine/xylazine (80 mg/kg and 5 mg/kg) and thereafter received oral mucosal injections with LPS (2 μg/μl, *E*. *coli* LPS, serotype 055:B5, Sigma, St. Louis, MO) or inactivated subgingival plaque from healthy volunteers or from sLAD patients. Oral tissues were harvested at 4h for tissue processing. Tissues were placed in TRIzol Reagent (Life Technologies, Carlsbad, CA) and homogenized using the miltenyi gentleMACS dissociator along with gentleMACS M tubes from miltenyibiotec (San Diego, CA).

RNA isolation and real-time PCR {#sec019}
-------------------------------

Total RNA was isolated from myeloid cells with the RNeasy Mini Columns (Qiagen, Valencia, CA). RNA was reverse transcribed using an oligodeoxythymidylic acid primer and the resulting cDNA amplified by real-time PCR on an ABI Prism 7500 Sequence Detector (Applied Biosystems/Life Technologies). Amplification was performed with human TaqMan inventoried expression assays for TNFα (hs00174128_m1), IL12A (p35) (hs00168405_m1), IL12B (p40) (hs00233688_m1), IL23a (hs00900828_g1), IL1β (hs01555410_m1) and IL6 (hs00174131_m1) and mouse IL23a (Mm01160011_g1) and HPRT (Mm01545399_m1), (Applied Biosystems/Life Technologies). Amplification parameters and conditions were set by the manufacturer. Data were analyzed using the 2^-ΔΔCT^ method (2^\^((-1)\*(Mean\ cycle\ number\ of\ Target-mean\ cycle\ number\ of\ housekeeping\ gene)^) and expressed as fold induction relative to control.

Supporting Information {#sec020}
======================

###### Comparison of prevalence for select species in LAD and Localized Aggressive Periodontitis.

(DOCX)

###### 

Click here for additional data file.

###### Detection of species highly prevalent in Localized Aggressive Periodontitis.

Frequency of detection of HOTs in the cohorts of localized aggressive periodontitis patients (LAP, n = 7, black) and LAD-I (n = 5, grey). HOTs shown are those highly detected in LAP patients only \[[@ppat.1004698.ref016]\]. Frequency of Detection corresponds to % present in each cohort.

(TIF)

###### 

Click here for additional data file.

###### Clinical characteristics of the LAD cohort.

(DOCX)

###### 

Click here for additional data file.

###### HOT corresponding to multiple species.

(DOCX)

###### 

Click here for additional data file.

###### Cluster identification and detection frequency for each.

(DOCX)

###### 

Click here for additional data file.
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